Abstract: Alkylation of indole salts in different ionic liquids is reported. Ionic liquids increase the alkylation reaction rate of ambident indole anion and reduce the effects of counter ions and/or additives, the alkylation reaction rates being independent of the presence of small amounts of protic solvents or water.
Introduction
The exploitation of ionic liquids (IL) in transformations of organic substances has boomed during the last ten years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In IL, it is often possible to achieve reactions that otherwise proceed only with great difficulty, or even not at all. Many authors include IL among the most valuable discoveries of "green chemistry". Among their most useful properties are the ability to dissolve a wide range of substances, their very low vapor pressure, their high thermal stability, and the fact that they can be stored for long times without decomposition. The possibility of adjusting the composition of these solvents to suit the needs of a particular chemical conversion supplements these other excellent qualities of IL in the very best way. IL are "designer solvents" indeed for any reaction where there is a need to avoid traditional organic solvents.
Among the many investigations of different organic transformations performed in IL, undeservedly little attention has been paid to the conversions of ambident ions. The few * E-mail: zicmanis@latnet.lv published examples [15] [16] [17] [18] do not yet provide enough information to allow generalizations or provisions about the magnitude of the impact of using IL for transformations of ambident ions, nor about the mechanisms involved. As a starting point for systematic investigation of the reactions of ambident ions in IL media, patterns in the alkylation reactions of ambident ion -indole anion (IA) systems in IL have been explored closely in this paper.
IA (2) form two isomers in reactions with electrophilic reagents in common organic solvents -N-substituted (4) or C-substituted (5) indoles are produced accordingly [19] [20] [21] . The effects of solvent, counter-cation, added salt, and other factors on the reaction yield and ratios of isomeric products are well understood [20, 21] . Similar effects have not been explored in IL media, apart from a recent publication by Y.R. Jorapur et al. [22] , who have alkylated indole anion in IL in the presence of a cosolvent -acetonitrile, and older communications by Earle et al. [17, 18] devoted to possible applications of indole alkylation in IL for the pharmaceutical industry.
Results and discussion
Indole salts containing ambident anions were alkylated in different IL in our laboratory to evaluate the effect of IL on the rates and regioselectivity of these reactions. The substrate -indole salt (2) was used at a concentration of 0.7 mol/L and the alkylating reagent (R-X, 3) -at 1.4 mol/L. Reactions were complete within 3 -4 hours at room temperature and went considerably faster at higher temperatures ( Fig. 1 A, B) . Gas chromatography (GC) was used to follow the reaction rates, and GC/MS together with 1 H NMR spectroscopy served to validate the product structures. where: X = Cl, Br, I, O-Ts ; R = n-C 4 H 9 ; ; CH 3 C 6 H 5 CH 2 ;CH 2 =CHCH 2 Scheme 1 Alkylation of indole salts in ionic liquids.
It is worth mentioning that almost no C-alkylation product formed when reactions were run at elevated temperatures, and the amount of N,C-dialkylated products was also smaller at elevated temperatures than at room temperature (Fig. 1B) . The observation implies that formation of products controlled by reaction kinetics dominates in IL at elevated temperatures. The use of IL as solvents causes an increase of the alkylation reaction rate by comparison with molecular solvents. This is most likely because of stronger interaction between the ions of IL and the transition state for the indole substitution reaction. A comparison of alkylation rates in ionic liquid [bmim] [Br] and the optimal molecular solvents [20] for the reaction -tetrahydrofurane and N,N-dimethylformamide -is presented in Fig. 2 . The superiority of the IL system can be seen clearly.
IA form ion pairs with corresponding cations (M + ) -close ones with lithium ion and loose ones with sodium or potassium ions [21] . Unfortunately, the impact of cations is very much less pronounced in IL media than in common organic solvents (Table 1) , although the same trends are preserved. Lithium counter ions provide the highest fraction of Calkyl product by comparison with other cations. This effect is greatest when alkylation is performed with 1-iodobutane (Tables 1, 2), which suggests a significant role for the leaving group in the reactions in IL media.
The much smaller influence of the cation (M) on the product distribution than in organic solvents [20, 21] can be described as a leveling effect of IL on the isomer distribution. Presumably, it is caused by an ion exchange reaction between the investigated counter ion (M) -metal ion and the large, soft imidazolium or pyridinium cation of the IL. Bulky and soft aromatic ammonium cations form, most likely, a loose ion pair with the highly polarizable ambident indole anion (2C), the nitrogen atom of the latter becoming easily available for the alkylating reagent. Thus the structure of the salt (2C) promotes the N-alkylation reaction by decreasing the blocking influence of the metal counter ion on the nitrogen atom, which is a feature of the reaction in organic solvents.
The presence of N,C-dialkyl indoles (6) in the reaction products might be caused by subsequent alkylation of either the N-alkyl compound (4) or the C-alkyl compound (5) . To investigate the possibility of further alkylation, N-butyl indole (4) was treated with 1-iodobutane in [bmim] [Br] at 65
• C during 5 hours. The same reaction was repeated in the presence of butyllithium. Very small amounts of 1,3-dibutyl indole (6) were obtained in both cases, the yields being only 0.6 and 0.5 % correspondingly (Table 3) . When the second isomer -3-butyl indole (5) anion was alkylated, the formation of 1,3-dibutyl indole (6) took place with great facility (Fig. 3) . Therefore, the further alkylation reaction of the C-alkylated indole (5) seems to be the main pathway leading to the formation of 1,3-dialkylproducts (6) in indole anion alkylation reactions. Thus alkylated compounds 5 and 6 should be counted as products of C-alkylation, and therefore we have listed the sum of both products (5 + 6) as C-alkylated ones in our interpretation of results. Deliberate addition to reaction mixtures of lithium or magnesium salts that form close ion pairs with the most nucleophilic atoms in ambident ions has been used to change regioselectivity of these reactions towards formation of the most stable product [20] . We have observed a similar tendency in IL, but only with partial effect (Table 4 ). The fraction of C-alkyl products did indeed increase in the presence of lithium perchlorate, but the reaction did not become regioselective, most likely because of the ion exchange between lithium ions and ammonium ions of IL discussed above. A negative tendency appeared simultaneously -sharp decrease of the alkylation reaction rate with increasing amounts of the lithium salt. Therefore, the otherwise worthy approach can not be regarded as a promising one for reactions in IL media. The well known influence of the reagent (R-X) structure on the product isomer distribution in products can also be observed in IL -impacts of both the leaving group X and the alkyl group R. C-Alkyl products (5) as well as N,C-dialkyl compounds (6) formed in small amounts (≤ 12%). These products were more prominent in those experiments where 1-iodobutane or 1-bromobutane was used as the reagent. In all cases, the N-alkyl indoles (4) were the dominant product. Three butyl halides were compared for a quantitative assessment of the halogen atom impact. The reaction rate with butyl chloride turned out to be considerably smaller than with other alkyl halides (Fig. 4) , the difference between iodine and bromine derivatives being negligible.
This result clearly indicates that IL has a major effect on the polarization and further ionization of C-X bonds in the reagent, and that the interaction between the halogen atom and the cation of IL involves orbital interaction rather than just electrostatic attraction. The alkyl group of the reagent (R-X) also has some impact on the reaction rate, albeit smaller than the halogen atom (leaving group). Comparison of alkylation rates of benzyl chloride and 1-chlorobutane confirms the well known higher reactivity of the former, governed by the conjugation of benzyl cation. The rate of the benzyl chloride reaction is Our results confirm that the structure (design) of IL -the particular combination of anion and cation chosen -is a significant factor in the successful alkylation of ambident IA. Imidazolium salts provide a better alkylation performance than pyridinium ones (Fig. 6) . The role of anions seems less important: IL with tosylate and bromide anions demonstrate closely similar performances (Fig. 6 ), testifying to similar interactions with reaction partners (2, 3) .
Small differences in rates of alkylation reactions were observed during our experiments depending on the preparation method of indole salt (IS). Reactions proceeded faster and with higher conversion when IS were made with butyl lithium or sodium hydride rather than with metal alkoxides or hydroxides. The base strength of the last two is sufficient to form IS quantitatively, but the first two exclude the possibility of reversible salt formation reactions. We therefore concluded that either IS formation does not proceed fully, or the presence of alcohol or water delays the progress of alkylation reactions.
To test this hypothesis, comparative experiments were done with deliberately added water or methanol ( Table 5 ). The presence of protic solvents in IL in small amounts did not exert any influence on the alkylation process -reaction rate and product distribution did not change significantly. This observation has mainly preparative significance -it is not necessary to use perfectly dry IL (that is difficult to prepare) for successful alkylation of ambident ions. These experiments did confirm, though, that faster reaction can be achieved with quantitative conversion of the substrate into its salt (for example, by treatment of indole with NaH) than by using equilibrium concentrations of the base and the substrate (for example, indole with sodium methoxide) ( Table 5 ).
Thus we find that ionic liquids not only accelerate alkylation reactions, but also greatly lessen the impact of the counter ion and / or additives in transformations of ambident indole anion. We also find that alkylation reaction conditions do not demand perfectly pure IL that are completely free of water or protic solvents. [Br]) were prepared according to procedures described elsewhere [23, 24] . Other reagents were purchased from Aldrich and used without further purification. Solvents were purchased from Aldrich, dried and distilled before use. (2) indole (1), N-butyl-C-butyl-N,C-dibutyl both C-butyl preparation % indole indole indole compounds procedure (4) ( 5) Gas chromatographic (GC) analyses were carried out on a Hewlett Packard 5890 instrument using a flame ionization detector with a hydrogen flow rate of 30 mL/min, air flow rate of 300 mL/min, and helium flow rate of 25 mL/min. A DB-5MS (30 m x 0.25 mm) column was used, injection temperature was 250
• C, and the temperature regime Tables and  presented in Figures. In a separate experiment, the product was also isolated by evaporation of the ether (1H, m), 7,3 (1H, dd), 7,1 (1H, m), 6,94 (1H, m), 6,40 (1H, dd), 4,15 (2H, t),  1,7 (2H, m), 1,2 (2H, m) , 0,9 (3H, t).
Other indole derivatives (4-6) were obtained and other experiments were performed in a similar way. Bases NaOH, CH 3 ONa, NaH, BuLi and alkylating reagents 1-chlorobutane, 1-bromobutane, 1-iodobutane, benzyl chloride, and 3-chloro-1-propene (allyl chloride) were used for indole alkylation at room temperature (25
• C) and at 80
• C.
Structures of the products were initially confirmed by GC/MS and 1 H NMR analyses, and experiments were subsequently followed by GC analyses. Every measurement was repeated for 3 -5 times, and the results were compiled in Tables and presented in Figures. B) (Alkylation in organic solvents). Indole (500 mg; 4.27 mmole) was dissolved in anhydrous THF (1.5 mL). The solution was slowly added to the suspension of NaH (170 mg; 60%) in THF (2.5 mL) at room temperature. After that the mixture was stirred at 65
• C for 15 minutes. A solution of butyl iodide (786 mg; 4.27 mmole) in anhydrous THF (1.5 mL) was added to the indole sodium salt solution at room temperature and the mixture was stirred at 65 
1,3-Dibutyl indole

A) (Alkylation of 1-butyl indole in IL)
. A flask with diethyl ether (4 mL) was cooled to 0
• C with an ice bath. BuLi hexane solution (1 mL; 2 mmol) and a solution of Nbutyl indole (173 mg; 1 mmol) in diethyl ether (1 mL) was added to the cooled diethyl ether. The reaction mixture was stirred for 1 h. Then diethyl ether was evaporated from the reaction mixture under argon.
[bmim] [Br] (438 mg; 2 mmol) was added to the obtained indole lithium salt solution and then 1-iodobutane (368 mg; 2 mmol) was added to the stirred mixture. Samples (∼ 1 mg) were taken from the mixture after definite time intervals (15 min, 30 min, 1 h, 3 h, 5 h), treated with diluted (1:1) HCl, and extracted with diethyl ether (3 × 5 mL). Each joint extract was analyzed by GC, and results were presented in Table 3 . Alkylation of 1-butyl indole without any base (BuLi) was made in a similar way, and the results again were presented in Table 3 .
B) (Alkylation of 3-butyl indole in IL)
. 3-Butylindole (120 mg; 0.69 mmol), [bmim] [Br] (304 mg; 1.38 mmol), and 60% NaH (55 mg; 1.38 mmol) were mixed together under argon and stirred for 0.5 h at room temperature. 1-Iodobutane (254 mg; 1.38 mmol) was added to the stirred mixture. Samples (∼ 1 mg) were taken from the mixture after definite time intervals (15 min, 30 min, 1 h, 3 h, 5 h), treated with diluted (1:1) HCl, and extracted with ether (3 × 5 mL). The joint extract was analyzed by GC, and results were compiled in Figure 3. 
Conclusions
Ionic liquids increase the alkylation reaction rate, as well as reduce the impact of the counter ion and / or additives in transformations of ambident indole anion. Neither of these effects is affected by the presence of small amounts of protic solvents or water.
